Abstract
Introduction

Non-alcoholic fatty liver disease (NAFLD) is a highly prevalent disease that results from excessive fat accumulation in the liver. NAFLD not only affects the adult population (about 20-40% of adults in Western countries have fatty liver) [1], but is also the most common cause of paediatric liver disease [2].
NAFLD is now recognized as the hepatic manifestation of the metabolic syndrome (MS). In fact, there is a nearly universal association between MS comorbidities and NAFLD, because obesity, type 2 diabetes and hyperlipidaemia are known to co-exist in patients with fatty liver. NAFLD is also related to increased risk of cardiovascular diseases, such as carotid atherosclerosis [3]. Although many risk factors of NAFLD are well defined, its pathogenesis remains poorly understood. Recent evidence has implicated insulin resistance as a major contributor to the pathogenesis and disease progression of NAFLD
. In addition, NAFLD is associated with increased fatty acid ␤-oxidation, hepatic oxidative stress and mitochondrial structural defects [5] . For [6] .
Mitochondrial function is critical in the physiopathology of NAFLD because liver mitochondria is a primary site for the oxidation of fatty acids and oxidative phosphorylation -a process that requires multiple enzymes that are encoded by both nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) .
Previous studies have revealed that qualitative and quantitative changes in skeletal muscle mtDNA are involved in the pathogenesis of type 2 diabetes [7] . Moreover, mtDNA content in peripheral blood leucocytes has been associated with insulin resistance in children and adult [8, 9] . These findings suggest that mitochondrial density and mtDNA copy number play a role in the mitochondrial dysfunction associated with MS-related phenotypes. However, its role in NAFLD is not well understood.
An interesting mechanism recently related to the pathogenesis of NAFLD is the association between mitochondrial dysfunction and hepatocyte sensitivity to hypoxic stress [10] . Although imbalance in oxygen homeostasis is a well-known mechanism in many pathophysiological processes, including cardiovascular and cerebrovascular disease, cancer, etc., its role in NAFLD is scarcely explored.
Hypoxia-inducible factor-1 (HIF-1) is a key transcription factor involved in cellular and systemic homeostatic response to hypoxia; HIF-1 is a heterodimeric protein complex comprising two subunits, among which, the redox-sensitive HIF-1␣ is considered to be the major regulator of O2-tension-sensitive genes in cells [11] . Interestingly, HIF-1␣ has been described as an important regulator of mitochondrial biogenesis in muscle [12] , whereas sustained hypoxia in brain has been associated with an increase in neuronal mtDNA content [13] .
In [14, 15] . [18] .
Materials and methods
Animals
The specificity of amplification and absence of primer dimers were confirmed using melting curve analysis at the end of each run. The primer sequences and the resulting PCR product lengths are shown Table 1 . 
Quantification of mtDNA
An assay based on real-time quantitative PCR was used for both nDNA and mtDNA quantification using SYBR-Green as the fluorescent dye (Invitrogen
, GTX26795). Equal protein loading was confirmed by reblotting of the membranes with a goat polyclonal antibody against rabbit polyclonal anti-␤-actin (1:500) (GeneTex, Inc., GTX16039). Binding of the antibody was subsequently visualized with enhanced chemiluminescence reagent (GE Healthcare UK Limited), and the band images were detected and analysed using the Lab Works Analysis Software (Ultra-Violet Products Ltd., Cambridge, UK).
Measurement of liver 8-isoprostane
Measurement of 8- 
Experimental results
Effect of HFD on liver histology and organ fat accumulation
HFD-fed rats developed severe hepatic microvesicular and macrovesicular steatosis (Fig. 1) . As shown in Figure 1G, 
Effect of HFD on liver mtDNA content and liver mitochondrial density
As shown in Figure 2A , we observed that HFD induced a significant increase in liver mtDNA content when compared with that in the SCD rats. In addition, the liver mtDNA/nDNA ratio was significantly correlated with the liver triglyceride content (R: 0.29, P Ͻ 0.05).
Furthermore, electron microscopic evaluation of liver tissue showed that the observed increase in liver mtDNA copy number was accompanied by higher mitochondrial density (Fig. 2B) .
Liver expression of HIF-1␣ mRNA was significantly associated with liver mtDNA content
To address the question of whether the increase in liver mtDNA copy number is associated with HIF-1␣, we examined the liver expression of HIF-1␣ mRNA, and observed a significant positive correlation between liver mtDNA/nDNA ratio and hepatic levels of HIF-1␣ mRNA (R: 0.37, P Ͻ 0.001). We found that the level of HIF-1␣ mRNA was significantly higher in the HFD group (Fig. 3A) . Western blot analysis showed that the level of protein, in parallel with the liver mRNA HIF-1␣ expression, was also significantly higher in the livers with increased mtDNA/nDNA ratio (Fig. 3B) . 
NRF-1 Forward 5Ј-CGC AGT GAC GTC CGC ACA GA-3Ј Reverse 5Ј-AAG GTC CTC CCG CCC ATG CT-3Ј PPAR␦ Forward 5Ј-AGG CCT CAG GCT TCC ACT AC-3Ј Reverse 5Ј-TTG CGG TTC TTC TTC TGG AT-3Ј 130 COX4I1 Forward 5Ј-CTT GTC CTG ATC TGG GAG AA-3Ј Reverse 5Ј-GAC CTT CAT GTC CAG CAT CC-3Ј 105
PGC1␤ Forward 5Ј-TTG ACA GTG GAG CTT TGT GG-3Ј Reverse 5Ј-CTG TGC TTG GTG TCC TGC T-3Ј 101
Bax Forward 5Ј-CTG CAG AGG ATG ATT GCT GA-3Ј Reverse 5Ј-GGG CAC TTT AGT GCA CAG G-3Ј 165
Bcl2 Forward 5Ј-GAT AAC GGA GGC TGG GAT G-3Ј Reverse 5Ј-CTC ACT TGT GGC CCA GGT AT-3Ј 151 Casp3 Forward 5Ј-GGA CCT GTG GAC CTG AAA AA-3Ј Reverse 5Ј-ATA CCG CAG TCC AGC TCT GT-3Ј 122 Col1a1 Forward 5Ј-GCG TGC TAT GCA AAG AAG ACT-3Ј Reverse 5Ј-TGA CTT CTG CGT CTG GTG AT-3Ј 105
Acta2 Forward 5Ј-TCG GGA CCT CAC TGA CTA CC-3Ј Reverse 5Ј-AAT CCA GGG CGA CAT AAC AC-3Ј 122
PPIA Forward 5Ј-AGC ACT GGG GAG AAA GGA TT-3Ј Reverse 5Ј-CTT GCC ACC AGT GCC ATT AT-3Ј 111
␤-actin Forward 5Ј-TTC CTG GGT ATG GAA TCC TG-3Ј Reverse 5Ј-CAG CAA TGC CTG GGT ACA T-3Ј 136 GAPDH Forward 5Ј-CTG ACA TGC CGC CTG GAG AAA C-3Ј Reverse 5Ј-CCA GCA TCA AAG GTG GAA GAA T-3Ј 161 TBP Forward 5Ј-TGG GAT TGT ACC ACA GCT CCA-3Ј Reverse 5Ј-CTC ATG ATG ACT GCA GCA AAC C-3Ј 132
The primer sequences for mtDNA and nDNA amplification have shown that the quantification of isoprostanes is an accurate measure of oxidative stress [20, 21] . Evidence from both human and animal studies showed that liver steatosis increases oxidative stress [22] ; intracellular levels of reactive oxygen species (ROS) have been found to be associated with changes in mtDNA copy number [23] . To determine whether oxidative stress is related to both hepatic steatosis and mtDNA content, we measured the liver 8-isoprostane levels in both experimental groups, and observed that they were significantly correlated with liver fat content (R: 0.42, P Ͻ 0.004). Nevertheless, no significant association was observed either with liver mtDNA content or liver HIF-1␣ mRNA expression.
Rnr2 Forward 5Ј-AGC TAT TAA TGG TTC GTT TGT-3Ј Reverse 5-AGG AGG CTC CAT TTC TCT TGT-3Ј
Liver expression of cytochrome c oxidase subunit IV isoform 1 (COX4I1) mRNA was significantly associated with liver mtDNA content
Cytochrome c oxidase (COX), located in the inner mitochondrial membrane, is a dimer in which each monomer consists of 13 subunits; subunit IV (COX4) is regulated in an O2-dependent manner and is also a terminal enzyme in the mitochondrial
Measurement of liver 8-isoprostane as a biomarker of local oxidative stress
Isoprostanes are prostaglandin-like compounds produced by freeradical-mediated peroxidation of lipoproteins. Numerous studies
The liver abundance of mRNA of master nuclear genes that regulate normal mitochondrial biogenesis and replication was not associated with the liver mtDNA content
To evaluate whether the hepatic expression of other transcription factors was associated with the observed increase in liver mtDNA content, we measured the following: mitochondrial transcription factor (Tfam) mRNA (a key regulator of mtDNA copy number required for the replication and maintenance of mtDNA [24] ), peroxisome proliferator-activated receptor gamma [24] ); PGC-1␤ is also considered to preferentially induce the expression of genes involved in the removal of ROS, nuclear respiratory factor-1 (NRF-1) mRNA (a gene involved in oxidative stress induced mitochondrial biogenesis [23] ), and peroxisome proliferator-activated receptor ␦ (PPAR␦) mRNA (a nuclear receptor capable of increasing the skeletal muscle mitochondria even in the absence of an increase in PGC-1␣ mRNA).
coactivator-1-␣ (PGC-1␣) and -␤ (PGC-1␤) mRNA (physiological transcriptional regulators of oxidative metabolism and mitochondrial biogenesis
On the whole, we observed that the mRNA expression of the above-mentioned genes in the liver was not significantly associated with the liver mtDNA/nDNA ratio. In addition, we found no differences between the groups (HFD versus SCD) with regard to the mRNA expression of either of these genes (Fig. 4) .
Evaluation of hepatic mRNA expression of apoptosis-related genes (Bcl-2, Bax and caspase-3), and fibrosis-related genes (collagen type I ␣ 1 and smooth muscle ␣-actin)
Hepatocyte apoptosis and caspase activation are prominent features of human NALFD [25, 26] . In our experimental model, the liver tissue of HFD rats did not show histological signs of liver injury, inflammation or liver fibrosis, and this observation is in agreement with other reports [27] . Even so, to understand the potential role that early events associated with hepatocyte apoptosis might have in the HIF-1␣-induced increase of the liver mtDNA content, we measured the hepatic mRNA expression of three apoptotic genes, such as: caspase 3 -a marker of early apoptosis and a reliable indicator of apoptotic rate -and two members of the Bcl-2 superfamily of proteins, the proapoptotic Bax and the anti-apoptotic Bcl-2, which act regulating the permeability of the mitochondrial membrane. Interestingly, the liver mRNA expression of none of the abovementioned genes was significantly associated with the liver mtDNA/nDNA ratio. In addition, there was no significant difference in the liver Bax/ Bcl-2 expression ratio between the groups (HFD versus SCD), Figure 5A . Nevertheless, the levels of hepatic mRNA expression of caspase 3 were significantly higher in the HFD group (Fig. 5A) .
We further evaluated the liver mRNA expression of collagen type I ␣1 -an extracellular matrix component, and smooth muscle ␣-actin, a marker of activation of resident stellate cells to myofibroblast-like cells, to gauge potential progression along the fibrosis development. There were no significant differences between the groups about liver collagen type I ␣1 mRNA expression (Fig. 5B) ; the abundance of smooth muscle ␣-actin mRNA was completely undetectable in both experimental groups, by our real-time PCR-based method. Moreover, neither the trichrome (Fig. 1C and D) nor the reticulin stains showed alterations of the collagenous stroma (Fig. 5C) [14] . In addition, previous evidence also showed that telmisartan could inhibit the generation of ROS and lipid peroxidation products in kidney [28] . Telmisartan was associated with a significant decrease in the liver mtDNA/nDNA ratio (Fig. 6A) and liver HIF-1␣ mRNA expression (Fig. 6B) . The liver HIF-1␣ protein level was also decreased in the T ϩ HFD group when compared with the HFD group and SCD group (Fig. 6D) . As shown in Figure 6C , fatty liver was efficiently reverted by telmisartan. Interestingly, rats treated with telmisartan showed a significant decrease in liver 8-isoprostane levels when compared with the HFD group (Fig. 6E) fatty liver [14] ). Treatment of rats with telmisartan resulted in a
